We demonstrate a compact iodine-stabilized laser operating at 531 nm using a coin-sized light source consisting of a 1062-nm distributed-feedback diode laser and a frequency-doubling element. A hyperfine transition of molecular iodine is observed using the light source with saturated absorption spectroscopy. The light source is frequency stabilized to the observed iodine transition and achieves frequency stability at the 10 −12 level. The absolute frequency of the compact laser stabilized to the a 1 hyperfine component of the R(36)32 − 0 transition is determined as 564 074 632 419(8) kHz with a relative uncertainty of 1.4 × 10 −11 . The iodine-stabilized laser can be used for various applications including interferometric measurements. 
Introduction
Developments in optical frequency standards have been of great interest in a wide range of fields over many years and recently led to accuracies at the 10 −18 level [1] [2] [3] . Iodine-stabilized lasers were one of the earliest optical frequency standards and are still important for practical applications due to their simplicity and robustness. Of these lasers, a frequency-doubled Nd:YAG laser, which is stabilized to an iodine absorption line at 532 nm, has attracted considerable attention owing to its very high frequency stability [4] [5] [6] [7] . This is mostly due to the fact that molecular iodine has strong and narrow absorption lines near 532 nm. Applications using the Nd:YAG laser include a flywheel oscillator or an absolute frequency marker for an optical frequency comb [8] [9] [10] [11] , interferometric measurements of gauge blocks [12] , gravitational wave detection [13] [14] [15] , and a laser strainmeter for observing earth tides and earthquakes [16] .
A compact iodine-stabilized laser emitting in the 532-nm region is attractive for some of the above applications. Some compact Nd:YAG systems have already been developed in previous experiments [12, 14, 15, 17] , one of which achieved a size of 30 45 cm 2 [17] . A more compact configuration could be constructed by using a small iodine cell and light source. Recently, an iodine-loaded hollow-core photonic crystal fiber has been demonstrated as a potential alternative to an iodine cell [18] . Regarding the light source, a diode laser operating near 1064 nm can be a compact and low-cost alternative to the Nd:YAG laser. The linewidth of a diode laser, e.g., a distributed-feedback (DFB) diode laser, usually exceeds several hundred kilohertz, whereas that of a Nd:YAG laser is several kilohertz. Nevertheless, a diode-laser-based scheme may be suitable for applications that require extremely small systems, e.g., space applications [14, 15] , and applications that do not demand very high frequency stabilities.
This paper presents a compact iodine-stabilized laser emitting at 531 nm using second harmonic generation (SHG) of a 1062-nm DFB diode laser. This wavelength is determined by that of a commercially available diode laser. To our knowledge, this is the first report of an iodine-stabilized diode laser in the wavelength region near 532 nm. To construct a very simple laser system, we employ the following methods: (i) we adopt a recently-developed coin-sized module containing both the diode laser and an SHG element; (ii) we use a short iodine cell operated at room temperature; and (iii) we stabilize the laser frequency to a sub-Doppler resolution iodine line by the third-harmonic technique with the frequency modulation of the diode laser, which enables us to eliminate the need for the electro-optic modulator used in the frequency modulation sideband or modulation transfer methods [4] [5] [6] [7] . All the optical parts of the iodine-stabilized laser are arranged on a 20 × 30 cm 2 breadboard, but can potentially fit into an area of considerably less than 10 × 10 cm 2 . The above simplifications could degrade the frequency stability compared with that of previous Nd:YAG systems [4] [5] [6] [7] . Here we demonstrate that our compact laser can achieve a frequency stability at the 10 −12 level and a frequency uncertainty at the 10 −11 level, which are sufficient for various applications including gauge block measurements [12] . Figure 1 is a schematic diagram of the experimental setup. The light source at 531 nm is a compact laser module (QDLASER, QLD0593) consisting of a DFB diode laser at 1062 nm, a semiconductor optical amplifier, and a periodically poled lithium niobate (PPLN) for SHG. The dimensions of the compact module are 21.9 mm × 5.6 mm × 3.8 mm (length × width × thickness). We mounted the module on a Peltier device, which we used to stabilize and change the temperature of the module.
Experimental setup
To perform Doppler-free spectroscopy of molecular iodine using the 531-nm laser module, we developed a simple and compact iodine spectrometer using saturated absorption. The 531-nm laser beam with a power of about 20 mW was collimated by an aspheric lens and separated from the fundamental light emitting at 1062 nm using a dichroic mirror. A half-wave plate (λ /2) and a polarization beam splitter (PBS) were used to divide the 531-nm beam into two parts. One portion of this beam with a maximum power of 5 mW was used as the output beam for possible applications and laser wavelength measurements. The other portion was sent to the saturated absorption spectrometer using a 6-cm-long iodine cell. The beam transmitted through the iodine cell was reflected back to the cell by a mirror. The original and back-reflected beams served as pump and probe beams, respectively, in the saturation spectroscopy. Since the beam passed through a quarter wave plate (λ /4) twice, the polarization of the beam was rotated by 90 • . The resulting s-polarized probe beam was steered onto a photo detector by the PBS. To detect the Doppler-free signals, the frequency of the light source was modulated by adding a sinusoidal signal at 93 kHz to the injection current of the DFB diode laser. This modulation was detected from the probe beam by using the photo detector and demodulated by mixing the detected signal with the signal from a local oscillator (LO). To eliminate the Doppler background of the iodine absorption line, a third derivative signal was obtained by demodulating the detected signal at 279 kHz. This signal was fed back to the injection current of the DFB diode laser through a servo system for frequency stabilization. The fundamental 1062-nm beam was sent to an optical frequency comb via three isolators with an isolation of 100 dB. The frequency comb was based on a mode-locked erbium-doped fiber laser operated at a repetition rate of f rep = 107 MHz [19] [20] [21] , which was self-referenced and phase locked to a hydrogen maser (H maser). The frequency of the H maser was calibrated against the Coordinated Universal Time (UTC) of the National Metrology Institute of Japan (NMIJ). A heterodyne beat note was detected between the 1062-nm light and a comb component, and measured by using a spectrum analyzer and a frequency counter.
Experimental results
Temperature (degree) Fig. 3 . Spectrum of the beat signal between the free-running compact laser and the optical frequency comb stabilized to the H maser. The resolution bandwidth was 300 kHz. f beat denotes the beat frequency between the laser and the comb, and f rep the repetition rate of the comb.
We studied the frequency characteristics of the compact laser module. Figure 2 shows the laser frequency (converted from the wavelength) measured by a wavelength meter as a function of the module temperature. In these measurements, the injection current of the DFB diode laser was fixed at a constant value. The laser frequency was tunable over 500 GHz without mode hopping simply by changing the module temperature. We observed frequency instabilities at some temperatures during the measurements. However, single frequency laser oscillation was obtained at most temperatures. The laser power variation was less than 10% across the 500-GHz tuning range. Figure 3 shows the beat signal measured by the spectrum analyzer between the free-running compact laser and the comb stabilized to the H maser. The full width at half maximum (FWHM) of the beat note was 1 − 2 MHz. This was mainly contributed from the fundamental 1062-nm laser linewidth, since the linewidth of the comb is expected to be < 10 kHz [22] . Thus, the linewidth of the SHG light at 531 nm is estimated to be 2 − 4 MHz. The beat signal was also used to measure the width of the frequency modulation of the laser light, when a modulation signal was added to the laser injection current. We observed a significant reduction of the modulation width at modulation frequencies above 300 kHz. This indicates that the maximum response rate of the laser frequency to the change in the injection current is about 300 kHz. Figure 4 shows the third derivative signal of the saturated absorption for the a 1 hyperfine component of the R(36)32 − 0 transition that we observed using our iodine spectrometer. This signal was obtained by tuning the injection current of the laser and recording the waveform of the signal with a digital oscilloscope (see Fig. 1 ). The temperature of the laser module was stabilized at about 25 • C. The power of the pump beam (i.e., the incident laser power just before the iodine cell) was P pump = 12.7 mW. The diameter d of the beam inside the cell was ∼ 1 mm. The cold finger temperature was held at T = 25 • C, corresponding to an iodine pressure of p = 41 Pa. Due to the absorption of the laser beam inside the cell, the laser power was reduced to < 1 mW before the photo detector. The modulation width was set at Ω = 12 MHz (peak-topeak). The FWHM of the observed spectrum in Fig. 4 was about 8 MHz. The signal-to-noise (SN) ratio of the spectrum was approximately 10 in a bandwidth of 1 kHz. The short-term frequency stability of the iodine-stabilized light source is basically determined by the spectral linewidth and the SN ratio. From the observed spectrum, the frequency stability was estimated to be 1 × 10 −9 at an averaging time of τ = 1 ms.
Frequency stabilization was realized by the feedback control of the diode current using the observed third derivative signal. Figure 5 shows the Allan standard deviation calculated from the measured beat frequency between the compact laser locked on the a 1 component of the R(36)32 − 0 transition and the comb stabilized to the H maser. The frequency counter used in the measurement was a Π-type counter. The Allan deviation of the H maser starts from the 10 −13 level at 1 s, which is much smaller than that of the compact laser. Therefore, the observed stability of the beat frequency was mainly limited by the frequency stability of the compact laser. The frequency stability of the laser was found to be 5 × 10 −11 at τ = 1 s and reached 3 × 10 −12 at τ = 700 s. For τ > 700 s, the long-term stability was limited by a flicker floor at 3 × 10 −12 . When we assume a 1/τ 1/2 slope, the observed stability at τ = 1 s is consistent with the short-term stability estimated from the spectral linewidth and SN ratio.
Since the frequency comb is referenced to UTC(NMIJ), i.e., the national frequency standard, the absolute frequency of the iodine-stabilized laser is obtained from the beat measurement. Figure 6 shows the results of nine measurements for the a 1 component of the R(36)32 − 0 transition obtained over several days. In these measurements, the experimental parameters were fixed such that P pump = 12.7 mW, d ∼ 1 mm, T = 25 • C (p = 41 Pa), and Ω = 12 MHz. Each measurement in Fig. 6 was calculated from more than 1000 beat frequency data, where each frequency datum was measured by a frequency counter with a gate time of 1 s. The uncertainty bar was given by the Allan standard deviation at the longest averaging time. For example, the uncertainty bar of 1.7 kHz for the measurement run number 6 in Fig. 6 was calculated using the Allan standard deviation of 3 × 10 −12 at τ = 7000 s in Fig. 5 . The weighted mean of the nine measured frequencies in Fig. 6 was 564 074 632 419 kHz. Several systematic frequency shifts of the compact iodine-stabilized laser were investigated. Figure 7 (a) shows the measured pressure shift of the laser locked on the a 1 component of the R(36)32−0 transition. The measured slope of the pressure shift was −1.3 kHz/Pa. Although the cold finger temperature was stabilized within 10 mK, it is difficult to measure the temperature of the solid-state iodine crystal in the cold finger, which determines the iodine pressure [6] . The uncertainty in the determination of the solid-state iodine was estimated to be < 0.5 K. This corresponds to a pressure uncertainty of < 0.2 Pa, resulting in a frequency uncertainty of < 0.3 kHz. Figure 7 (b) shows the measured frequency shift of the compact laser as a function of the pump power. The measured slope of the power shift was −3.6 kHz/mW. On the assumption that the uncertainty in the determination of the laser power is < 10%, the power shift effect gives rise to a frequency uncertainty of < 4 kHz. It is known that the frequency modulation of the light source causes a significant frequency shift [23] . Figure 7 (c) shows the measured frequency shift induced by the modulation. The measured slope of the modulation-induced frequency shift was −2.0 kHz/MHz. The uncertainty in the determination of the modulation width was estimated to be < 1 MHz, which results in a frequency uncertainty of < 2 kHz. The servo electronics offset, i.e., a dc voltage offset between the baseline of the spectrum and the lock point, can shift the laser frequency. Figure 7 (d) shows the measured frequency shift caused by the servo electronic offset. In the present experiment, the measured slope of this effect was 7.7 kHz/mV. We adjusted the servo electronics offset to less than 0.5 mV, which results in a frequency uncertainty of < 4 kHz. Contamination in the iodine cell is known to cause a frequency shift. Previous studies [4] have shown that this effect can add an uncertainty of 5 kHz to measurement results. The most significant contributions to the estimated frequency uncertainty of the compact iodine-stabilized laser are summarized in Table 1 . During the experiment, the uncertainty of the H maser was confirmed to be less than 1 × 10 −14 , corresponding to an absolute uncertainty of 0.006 kHz in the iodine transition frequency. The total uncertainty was estimated to be 8 kHz (relatively 1.4 × 10 −11 ), including the statistical uncertainty of 2.1 kHz obtained from 
Discussion
The observed spectral linewidth of 8 MHz in Fig. 4 is comparable to the expected value of ∆ν th = 10 − 12 MHz, which was estimated from the pressure width, the power broadening, and the laser linewidth (∆ν laser = 2 − 4 MHz). The pressure width at p = 41 Pa was tentatively estimated to be γ p = 6 MHz using a pressure broadening coefficient of α = 148 kHz/Pa for the R(36)32 − 0 transition at 532 nm [4] . Since the spatial distribution of the laser power inside the iodine cell was not uniform due to the strong absorption, we used an average laser power of P ave ∼ 6 mW to calculate the Rabi frequency x R . On the assumption that the electronic transition dipole moment of the observed 531-nm transition is µ e = 1 D [24] and the Franck-Condon factor v = 32, J = 37 v = 0, J = 36 2 (i.e., the square of the overlap integral between the ground and excited rovibrational wave functions) is 0.03 [25], x R was estimated to be 3 MHz. The spectral linewidth ∆ν th was then calculated from the relationship ∆ν th = γ 2 p + (2x R ) 2 + ∆ν laser . We note that only order estimation was performed here, since our calculation was based on our limited knowledge of the parameters such as α, P ave , and µ e .
The observed frequency stability of our compact iodine-stabilized laser (shown in Fig. 5 ) was worse than that of a previously reported Nd:YAG laser locked on the R(56)32 − 0 transition (better than the 10 −13 level) [4] [5] [6] [7] . This is due to the relatively large spectral linewidth and low SN ratio observed in the present experiment. Since we used a 6-cm-long iodine cell, compared with iodine cells of 30 to 200 cm used in the previous experiments, we had to increase the iodine pressure and the laser power to obtain an absorption signal with sufficient intensity. This has introduced relatively large pressure and power broadening effects to the spectral linewidth. Furthermore, the linewidth of the diode laser (2 − 4 MHz) is much larger than that of the previous Nd:YAG laser (5 kHz). It is worth noting here that it is reasonable to increase the pressure and power broadening effects to the same level as the laser linewidth to realize the best figure of merit (linewidth × SN) for frequency stabilization using the observed spectrum. In terms of the signal, the signal intensity of the R(36)32 − 0 transition measured in the present work is expected to be similar to that of the previous R(56)32 − 0 transition [26] . However, a relatively large noise was observed on the baseline of the spectrum in our experiment. We found that this noise level was significantly reduced by tuning the laser frequency far from the iodine resonance. The large noise near resonance is considered to be because the large frequency noise (FM noise) of the diode laser is converted to amplitude noise (AM noise) by the absorptive response of the iodine. This FM-to-AM conversion process has been reported in previous studies using an atomic vapor (e.g., see Ref.
[27]). It should be noted that this conversion effect is small for the narrow linewidth Nd:YAG laser.
When the ground state of molecular iodine has an even (odd) rotational quantum number, the rovibrational energy level is split into 15 (21) sublevels, which results in 15 (21) hyperfine components. Frequency measurements of all the hyperfine components of rovibrational lines can contribute to a precise study of the hyperfine structures. A theoretical fit of the measured hyperfine splittings provides the hyperfine constants [28] . The obtained hyperfine constants are important for improving or deriving formulas for the hyperfine interactions. For example, previous studies of the iodine hyperfine structures near 532 nm have revealed the rotation and vibration dependence of the hyperfine constants [29, 30] . Here we could in principle study the hyperfine structure of the observed R(36)32 − 0 transition. However, some of the hyperfine components near the center of the Doppler absorption were not observed. This is due to the strong linear absorption at the Doppler center, which degrades the signal level. In the near future, we plan to measure all the hyperfine components of the R(36)32 − 0 transition at lower iodine pressures using a much longer iodine cell. One alternative to the long iodine cell is an iodine-loaded hollow-core photonic crystal fiber [18] . The combination of the coin-sized laser module and the hollow-core photonic crystal fiber could be used to form an ultra compact iodine-stabilized laser. We note that with the new laser, wavelength conversion, and iodine devices, it is also attractive to investigate iodine transitions at other wavelengths [31] .
Our compact laser can be used for various applications including the interferometric measurement of gauge blocks [12] , the calibration of a wavelength meter, and as an absolute frequency marker for an astro-comb [32] . In the gauge block measurement, an uncertainty arises from the frequency modulation of a light source [12] . Therefore, we need to investigate the effect of the modulation frequency and width employed in the present work on the measurement precision of gauge blocks. Such experiments are now under way. For a wavelength meter, calibration is periodically needed, since its reading drifts due to variations in environmental temperature and pressure. For calibration purposes, a simple and low-cost laser with an accurate absolute frequency is suitable. An astro-comb has recently been demonstrated for the calibration of an astronomical telescope [32] . In this scheme, a frequency-stabilized laser is needed to identify the mode number of the comb. The laser must have a frequency accuracy of better than the repetition rate of the comb and be compact and robust enough for installation in an astronomical observatory.
